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a b s t r a c t

Structural defects are commonly undesirable in materials, however, atomic-level defect engineering is
promising to improve the electronic, mechanical and chemical properties of graphene, if the density and
types of defects could be well controlled. Herein, bismuth-mediated defect engineering method for
epitaxial graphene (EG) grown on SiC(0001) is demonstrated. It is found that single defects and defect
clusters could be facilitated by evaporating Bi atoms on SiC(0001) substrate before the standard EG
preparation and, Bi atoms could be thoroughly cleaned away from the EG and the unwanted doping
effects of Bi will be avoided by post-annealing at higher temperature. Scanning tunneling microscopy/
spectroscopy characterization reveals the atomic structures, the electronic states and the Fermi level shift
of flower-like, tube-like and point defects. This study sheds light on the metal-mediated formation of
defects in graphene, and provides a practical defect engineering method.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Defects in graphene are commonly undesirable since theymight
deteriorate the device performances, for instance, lowering the
carrier mobility due to the additional scattering effect [1,2]. How-
ever, some particular defects or defect clusters of well-controlled
concentration could be significantly beneficial, which have been
utilized to tune the chemical [3e6], mechanical [7e10] or elec-
tronic properties of epitaxial graphene (EG) [11,12]. For example,
vacancies could, not only as the scattering centers of charge car-
riers, limit the transport properties [13,14], but also as the reaction
centers, improve the adsorption [15], nucleation [16,17] and as-
sembly of molecules on surface [18]. The vacancies could also
provide diffusion channels and thus facilitate the intercalation of
metal atoms underneath graphene [19e21]. Bubbled structures of
echanical Behavior of Mate-
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graphene on metals [22] could also affect the mechanical and
electronic properties [16,18], and the electron-phonon coupling on
graphene is enhanced or modified by the rippled nano-ribbons
[23], and pseudo-magnetic field might be induced by the lattice
strain in graphene nano-bubbles [24]. Therefore, engineering of
defects is an effective strategy to tailor the physical properties of
graphene, and therefore endows a great number of new applica-
tions [25e28].

Defects are usually produced as by-products during function-
alization of graphene through chemical doping in CVD growth, or
deliberately by energetic ion bombardment [29,30]. But dopant
complexes or defect clusters are usually produced, which is un-
suitable for atomic level engineering [31e33]. Some intrinsic
atomic defects are involved in the epitaxial graphene on 6H-
SiC(0001) through thermal decomposition of SiC at high temper-
ature, which cannot be well controlled [34]. So a method to con-
trolably generate defects is highly desirable. Bi dopants might be
induced in EG layer if the SiC substratewhich is used to fabricate EG
is covered with Bi atoms [35], and the density and types of defects
are dependent on the process parameters. Therefore, the atomic-
level defects in EG/SiC(0001) might be produced and tuned by
introducing Bi atoms into this system during the growth of EG. In
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this work, the strategy is demonstrated, both in-plane point defects
and off-plane nano-protrusions are evidenced and, the atomic
structure and electronic states of the defects are characterized by
scanning tunneling microscopy/spectroscopy (STM/STS). Owing to
the wafer-size fabrication of high-quality EG Refs. [36,37] and the
potential applications in electronics [38,39], the defect engineering
method are of great significance for the future applications in
electronics [40].

2. Experiments

The fabrication and characterization of EG were mainly con-
ducted in a commercial ultra-high vacuum (UHV) system (Unisoku
USM-1400) equipped with molecular beam epitaxy (MBE) and
STM. n-type 6H-SiC(0001) wafer was purchased from Tanke Blue
Semiconductor Co. Ltd. Annealing temperature was controlled by
direct current power supply, and monitored by an optical pyrom-
eter. The SiC substrate was degassed at 823 K for at least 8 h in UHV
to thoroughly remove the surface adsorbents. For the normal
fabrication, SiC substrate was annealed at 1623 K under UHV con-
dition (5� 10�10 Torr) for 10min. For Bi-assisted fabrication, a few
layers of Bi were deposited on SiC after degassing. The pretreat-
ment under Bi-atom-flux is similar to the fabrication of Si-
terminated
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structure under Si-flux annealing [41]. After-
wards, the Bi-covered SiC substrate was annealed at high temper-
atures (1623e1723 K) under UHV condition for 5min and cooled
down within 1min. Such annealing cycle was repeated 2e3 times
Fig. 1. (a)e(c) Morphology of EG produced by normal annealing process. (d)e(f) Morpholog
Morphology and defect structures of EG produced by annealing of Bi-covered SiC substrate a
(V). (A colour version of this figure can be viewed online.)
until deposited Bi atom are removed by sublimation. High density
of in-plane defects and a few off-plane defects are generated in
graphene if annealed at 1623 K, but the off-plane defects will
substantially increased if the annealing is conducted at higher
temperature. Surface chemical composition was calibrated by XPS
and shown in the Supporting Information, but the Bi signal is below
the sensitivity of the equipment. STM images and STS spectra were
acquired with electrochemically etched W tips at 77.2 K. The
topographic images were taken at constant current (100 pA) mode.
STS was performed at a constant height mode, typically the height
was optimized at a tip bias of 0.5 V and a set-point current of
200 pA. An AC modulation to the tunneling current with a fre-
quency of 1.03 kHz and an amplitude of 20mV was added by an
internal lock-in electronics. Each dI/dV-V curve is an average of
more than 10 individual spectra. Image processing and data anal-
ysis were performed in the latest version of WsXM [42].

3. Results and discussion

Fig. 1(a)-1(b) show the morphology of EG fabricated through
normal thermal annealing of SiC under UHV environment. The
specimen is seemingly clean, only a few defects are observed on EG
terrace under both positive (4.0 V) and negative bias (�4.0 V).
Fig. 1(c) displays the atomically resolved structure of the intact
graphene sheet. Fig. 1(d) shows the morphology of EG after
annealing the Bi-covered SiC substrate at 1623 K. As compared to
EG fabricated without Bi, many defects are induced due to the
y and defect structures of EG produced by annealing of Bi-covered SiC at 1623 K. (g)e(i)
t 1723 K. The tunneling current (I) of 100 pA is adopted, but with different bias voltage
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participation of Bi atoms during the decomposition of SiC and the
growth of EG, which are imaged as depressions and protrusions.
Fig. 1(e) displays the detailed configurations of defects on EG,
whereas, Fig. 1(f) shows the atomically resolved structures of two
in-plane defects. The depressions under large positive bias voltages
(4.0 V and 2.0 V) exhibit as in-plane tiny holes on EG, however, they
can be distinguished as flower-like defects (blue arrow) and point
defects (red arrow) under small bias (30mV). Fig.1(g)-1(i) show the
morphology and atomic structure of defects on EG produced
through annealing of Bi-pretreated SiC substrate at higher tem-
perature of 1723 K. Except the in-plan defects, some off-plane
protrusions are also observed. As shown by the atomic structure
in Fig. 1(i), the off-plane protrusions are indeed ridged structures
even under different bias voltages, and can be considered as tube-
like defects (white arrow). More STM images obtained from
different scanning regions are shown in Fig. S1 in the supplemen-
tary data.

Fig. 2(a) and (b) and 2(c) show the Raman spectra of the samples
shown in Fig. 1(a) and (d) and 1(g), respectively, providing some
macroscopic information about the quality of graphene. As shown
in Fig. 2(a), the SiC peaks, G and 2D band of graphene are evidenced
in EG sample produced by normal annealing process, but not the D-
band, demonstrating high-quality EG produced. However, the D-
band alongwith the G and 2D band is clearly observed in EG sample
produced by annealing with the participation of Bi atoms [Fig. 2(b)
and (c)]. Although it is hard to tell the defect type from Raman
spectra, the appearance and the enhanced D-band is related to
defects, indicating the increased defects to some degree. The
Fig. 2. (a), (b) and (c) Raman spectra measured from the samples shown in Fig. 1(a)
and (d) and 1(g), respectively. The D-, G- and 2D-band of graphene and SiC peaks are
marked.
density of all the defects on EG is evaluated to be about 0.5� 1012/
cm2. The density of point defects, flower-like defects, tube-like
defects are significantly increased up to 4.8� 1012/cm2, 1.0� 1012/
cm2, 0.6� 1012/cm2, respectively, in EG produced on Bi-covered SiC
substrate through annealing at 1623 K. The density of point defects
and flower-like defects does not change substantially even at
higher annealing temperature of 1723 K, while the density of tube-
like defects is increased up to 3.8� 1012/cm2. As displayed in Fig. S2,
no Bi signal is detected in both the XPS spectra, although the pre-
covered Bi atoms could not be thoroughly removed. That is, the
concentration of Bi is below the detecting limit. Taking into account
the high RSF value of Bi 4f (9.14), the concentration of Bi should be
much lower than 0.1% on the surface. Additionally, a large number
of atomic-resolution STM images taken randomly on the sample
surface show that there are no Bi dopants in the graphene, which is
consistent with the XPS spectra. Therefore, it can be concluded that
the majority of Bi is sublimated, and the left Bi atoms might be
dissolved into the bulk SiC and diluted.

Fig. 3(a) and (b) show the detailed structures of the two types of
in-plane defects, which are zoomed in from the regions marked by
blue and yellow squares in Fig. 1(f), respectively. The atomically
resolved structure of the flower-like defect on EG layer is clearly
evident in Fig. 3(a), which can be ascribed to the rotating sequence
of dislocations (grain boundary loops) [43]. Because of the distorted
Fig. 3. (a)e(b) Atomic structure of flower-like and point defects on EG. (c) and (d)
Height profiles of the two defects acquired from the green lines in (a) and (b),
respectively. (e) dI/dV-V curves measured on flower-like (blue) and point defects (red).
The scanning conditions for (b) and (c) are I¼ 100 pA, V¼ 20mV. (A colour version of
this figure can be viewed online.)



Fig. 4. (a) and (b) Atomically resolved structure of tube-like defects on EG, (b) Zoom-in
image from the green square in (a). (c) dI/dV-V curves measured on the flat EG (black
dot) and the off-plane defects (red dot). The scanning conditions for (a) and (b) are
I¼ 100 pA, V¼ 30mV. (A colour version of this figure can be viewed online.)

Fig. 5. (a) Atomic structure of tube-like defect on EG. (b) Filtered STM image by the FFT
shown in inset. (c) the profile acquired from the red arrow in (a). (d) dI/dV-V curves
measured on the eight points along the red arrow in (a), the shift of Dirac point is
marked by the black arrows. The scanning conditions for (a) are I¼ 100 pA, V¼ 30mV.
(A colour version of this figure can be viewed online.)
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patterns are vividly intrigued by strong quantum
interference (QI) of electrons [44e46]. It indicates that flower-like
defects are rightly on top of the EG layer and have strong in-
fluences on the local electronic states. The EG fabricated through
thermal decomposition of SiC is not strictly uniform [47,48]. Com-
bined with the atomically resolved STM images [(AB stacking in
Fig. 3(b)] and STS spectra, it is speculated that two-layered gra-
phene in average is produced on SiC. The point defective sites can
be evidenced by the highlighted pattern and be identified as a
triangular shape (black dashed triangle). Fig. 3(c) and (d) show the
height profiles along the green lines in Fig. 3(a) and (b), exhibiting
symmetric shapes of the defects. Fig. 3(e) depicts the STS spectra on
top of the center of the defects. A broad peak appears in the range of
0 Ve0.2 V, corresponding to the defective states above Fermi level
(unoccupied states) [43].

Fig. 4(a) displays the ridgedmorphology of two tube-like defects
on EG, and Fig. 4(b) displays the atomically resolved structure of
highlighted nano-tube. Due to the ridged structure, no QI-induced
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patterns is formed around the off-plane defective sites
[49]. So the defective graphene lattices as highlighted by the red
arrows are atomically resolved, which are similar to the S-W de-
fects on graphene [50]. Because of the missing carbon atoms, gra-
phene lattices are not closed in one flat plane. Thus, ridged
structures are easily induced by dislocations and exhibit as off-
plane defects on EG Ref. [27]. Fig. 4(c) displays the STS obtained
on the regions marked by black and red dots in Fig. 4(a), respec-
tively. Although both of them exhibit the typical local electronic
states of EG, there is some difference caused by the tube-like defect.
For the flat EG (black curve), the Dirac point (black dashed line) is
located at �0.40 V, however, for the defective sites on the nano-
tube (red curve), the Dirac point (red dashed line) is located
at �0.14 V. The shift of Dirac point toward Fermi level is due to the
decoupling of EG layer from SiC and thus lowered n-doping caused
by the ridged structure [51]. Similar to the STS spectra measured on
the flower-like and point defects in Fig. 3(e), there is also a broad
peak in the range of 0 Ve0.2 V as indicated by the red arrow,
indicating the defective states above Fermi level.

Local electronic structures, near the defective sites on nano-
tube, are sensitively changed, dependent on the STS measure-
ment positions. Fig. 5(a) shows the atomically resolved structure of
one tube-like defect. Fig. 5(b) reveals further detailed configuration
of the defective sites on the nano-tube filtered through the fast
Fourier transform (FFT). As designated by the red arrow, the
defective sites are located at the top site of the nano-tube. The
profile of Fig. 5(c) acquired along the red arrow marked in Fig. 5(a)
depicts the gradually increasing sub-nanometer height of the nano-
tube. Fig. 5(d) shows the local electronic states measured on the
eight points along the nano-tube, and the dI/dV-V curves on points
1 and 8 exhibit the typical features of flat EG Ref. [52], onwhich the
Dirac points are located at -0.40 V. From positions 2 to 7, the Dirac
point is gradually shifted from -0.32 V to -0.19 V, suggesting the
decoupling of EG layer from SiC substrate owing to the ridged
structure. This is consistent with the gradually increased height of
nano-tube. As indicated by the red arrow, the defective states are
measured only on the top site (position 6) of the nano-tube, which
is consistent with the STM image and the height profile. Fig. 6
displays the structure and electronic states of the elongated tube-
like defects, and similar features to those of the tube-like ones
are identified. Fig. 6(a) displays the detailed structure of nano-tubes
on EG. Correspondingly, the defective sites on the nano-tubes al-
ways exhibit as bright spots, and the height of the nano-tube is also
in sub-nanometer as depicted by the profiles shown in Fig. 6(b).
Fig. 6(c) shows the STS spectra at the positions marked on the
elongated defects. The Dirac point is located at -0.15 V, that is, it is
shifted towards the lower value, indicating the decoupling feature
of EG layer from SiC. The red dI/dV-V curve is measured on nano-
tubes indicated by the red arrows in Fig. 6(a). The defective states
appear in the range of 0 V to 0.2 V [marked by red arrows in



Fig. 6. (a) and (b) Atomic structure of tube-like defects and the profile. (c) dI/dV-V
curves show the local electronic states of intact nano-tube (blue) and defective site
on nano-tube (red). The scanning conditions for (a) are I¼ 100 pA, V¼ 50mV. (A
colour version of this figure can be viewed online.)
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Fig. 6(c)], which are similar to those on the red curves in Figs. 4(c)
and 5(d). The blue dI/dV-V curve is measured on the intact nano-
tube indicated by the blue arrow in Fig. 6(a), a nearly free stand-
ing feature is exhibited. There is no defective sites around the intact
ridged structure, so the localized defective states did not appear.

Essentially, the shift of Dirac point of the EG on SiC is mainly due
to the intrinsic charge transfer from the substrate to EG as well as
electronic doping in EG Ref. [53]. The doping level is closely related
to the distance between EG and SiC, e.g., the doping effect will be
weakened owing to decoupling effect if the EG is far away from the
SiC substrate [54]. Local deformation and lattice strain might
modulate the electronic states of EG as well [55], however, it is
much weaker than the charge transfer doping effect on the shift of
Dirac point. Specifically, the unoccupied states in the STS [Figs. 4(c)
and Fig. 5(d)] are most likely from the dangling bonds of carbon
atoms [56]. As displayed by the high-resolution STM images, tube-
Fig. 7. (a) The model of SiC substrate covered with Bi. (b) the possible reactions between Bi a
plane defects in EG layer. (A colour version of this figure can be viewed online.)
like off-plane defects are caused by dislocations in the lattice, and
thus the carbon atoms with dangling bonds always appear at the
higher end of tube-like defect [Figs. 5(b) and 4(b)]. The peak of the
unoccupied state in STS becomes weaker and weaker when the tip
is moved away from the high end of the tube-like defect. The peak
shape is similar to but indeed not the Van Hove singularity of
twisted bilayer graphene, since the energy resolution of the system
at 77 K is not high enough to observe the Van Hove singularity. It is
also not likely due to the Kondo effect because no magnetic im-
purities are involved, and the measurement is done at higher
temperature.

Fig. 7 schematically displays the process of Bi-induced defects in
the EG. Fig. 7(a) shows the model of SiC substrate covered with Bi.
Most of Bi atoms are sublimated during thermal annealing, but a
few Bi atoms left on the surface will participate in the formation of
the EG layer [Fig. 7(b)]. However, the residual Bi atoms will also be
sublimated after post-annealing at high temperature, resulting in
defects in the EG lattice. Fig. 7(c) and (d) show the models of in-
plane and off-plane defects in EG layer, respectively. It is deduced
that the pre-covered Bi atoms on SiC could facilitate the defect
formation of graphene since they participate in the growth of
graphene during annealing. It was demonstrated that the Bi atoms
on SiC could merge into the graphene lattice as interstitial dopants
during annealing at moderate temperatures [35]. Since the ion
radius of Bi is larger than C, the dislocations and other non-6-
member-rings might be induced in the lattice, and Bi dopants
will be sublimated during post annealing at elevated temperature,
resulting in vacancies and dislocations. If the post annealing at
higher temperature is prolonged, the carbon dangling bonds at the
in-plane defects will be eliminated, thus lower the concentration of
in-plane defects. The irreparable in-plane defect complexes will
lead to local bumps and off-plane defects. In brief, Bi covered on SiC
can induce the formation of defects in EG layer, and the defect types
can be controllably tuned by changing the post annealing param-
eters. Accordingly, the physical properties of graphene could be
tune by defect engineering.
4. Conclusions

Both in-plane and off-plane defects in epitaxial graphene on SiC
are produced by introducing Bi in the graphene growth process and
tuned by controlling the post-annealing parameters. The atomically
resolved structures and electronic states of Bi-induced defects on
EG are studied. The in-plane depressions under large bias are
caused by the grain boundary loops and defects, of which the
flower-like and triangle patterns are evidenced under small bias.
nd C atoms during the decomposition of SiC. (c) and (d) the models of in-plane and off-
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Tube-like defects are always evidenced on EG, regardless of the bias
voltage. Defective states around Fermi level (0e0.2 V) are identified
by STS. The Dirac point shifts along the off-plane defects due to the
gradually increasing height of the ridged structure and thus the
decoupling of EG layer from the substrate to some degree. The re-
sults shine light on the defect engineering of high quality epitaxial
graphene on SiC substrate as well as on the potential applications in
electronics.
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